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BG-2019-198 Response To Reviews 1 

Dear Professor Treude 2 

 3 

Thank you for handling our manuscript, and for inviting a revised version. Please see 4 
below responses to all reviewer comments, followed by a marked up revised 5 
manuscript. 6 

 7 

We thank the three reviewers for supportive and constructive comments. Reviewer 8 
comments are summarised / provided below, with replies and details of revisions in 9 
bold. 10 

 11 

Yours sincerely, 12 

 13 

Clare Woulds 14 

 15 

Reviewer Comment 1 16 

We thank the reviewer for their comment that the experiments we report are novel 17 
and elegant, and that our results are exciting. The reviewer raised the following 18 
substantive points: 19 

The reviewer raises a valid question as to whether it is appropriate to scale up from 20 
processes measured in 10cm diameter cores to rates and measurements normalised 21 
to per m2. We acknowledge that presenting results as per cm2 is a more 22 
conservative approach, however we note that per m2 is the standard 23 
normalisation in the rest of the literature. We are happy to provide results 24 
normalised to cm2, but feel strongly that the per m2 version should also be 25 
presented to allow readers easy comparison with the wider literature. We leave 26 
this at the discretion of the editor. 27 

The reviewer notes that it does not make sense to report results as a mean and 28 
standard deviation when n=2. We acknowledge that greater replication is 29 
certainly desirable, but not always achievable. Indeed, in this case further 30 
replication was prevented by the availability of cores, incubation equipment, 31 
and tha available time at sea. Results are already listed separately for A and B 32 
replicate cores in Table 2. Figures 2 and 3 have been re-plotted to avoid the 33 
use of mean and standard deviation values, and now match the style of Fig. 5. 34 
Mean values have been replaced with ranges in the text describing the 35 
experimental results. 36 

In addition the revierew requested the following minor changes: 37 

Page 1 Line 1: Should read “Benthic carbon fixation….” corrected 38 

Page 1 Line 14-15: “There are no previous direct…” This sentence is not required. 39 
Please 40 
delete the sentence. We would prefer to keep this sentence to highlight the 41 
novelty of our study, and leave this at the discretion of the editor. 42 
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Alignment: Left + Aligned at:  0.63 cm + Indent at:  1.27

Style Definition: Heading 1: Font: 17 pt, Space Before: 

0 pt, After:  10.5 pt, Pattern: Clear (White)
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Page 1 Lines 15-16: Remove paragraph break. Removed 43 
Page 1 Lines 21-22: Remove paragraph break. Removed 44 
Page 1 Line 22: Revise to: ‘Fixation of inorganic C into bacterial biomass was 45 
observed in all cores/sites.’ Please revise as suggested. Added ‘sites’ to correct 46 
Page 3 Line 30 – Page 4 Line 85: Throughout the introduction there are many uses 47 
of ‘therefore’ and ‘however’. 90 % of the time these words are superfluous. Please 48 
revise the introduction to make less use of them. Text revised to reduce incidence 49 
of ‘however’ and ‘therefore’. 50 
Page 3 Line 32. Split this into two sentences. ‘…dissolved sulphides and methane. 51 
This supports microbes that combine…’ Changed 52 
Page 4 Line 63-64: Do you have any supporting literature that can be cited to 53 
support this sentence. The reference supporting this statement (Bernardino et 54 
al., 2012) is provided at the end of the following sentence, once the point is 55 
fully made. 56 
Page 4 Line 72: ‘On the contrary however’ please revise, this is not well phrased. 57 
Deleted ‘however’ 58 
Page 4 Line 77: Delete sub-heading Deleted 59 
Page 4 Line 80: Hypotheses should be ‘tested’ not ‘addressed’ Corrected 60 
Page 5 Line 108-119: This provides a brief summary of the experimental methods. 61 
Please refer to an alternative source as (following…) where a more detailed 62 
description of the method can be found. The method is not published at greater 63 
length elsewhere, and all details have been provided. We are happy to add 64 
further details that are requested (such as those relating to C dose which have 65 
been added in response to other reviews). 66 
Page 5 Line 111-112: Chlorella spp. phytodetritus would not be representative of the 67 
algal material processed in Antarctic systems. A diatom would have been a more 68 
appropriate choice of 13C-labelled substrate. We acknowledge this point, and 69 
have added text to the method section, as detailed in response to a similar 70 
point made by reviewer 3 (see below). 71 
Page 5 Lines 119-119: Half a core seems to be a very small volume of sediment for 72 
conducting macrobenthic analysis. Given that the size range of macrobenthic fauna 73 
is variable, and species are mobile, is this sample volume appropriate? I get the 74 
impression that you may be missing something significant by only focusing on half a 75 
core for the bacterial and macrobenthic communities. We acknowledge this point. 76 
This is a standard limitation for isotope tracing experiments, from which 77 
samples are needed for a range of different analyses. In addition, when 78 
conducted in the deep sea, cores tend to be of relatively small diameter (as 79 
opposed to 14-25 cm diameter cores which can be used in shallower settings). 80 
We stress that we do not attempt to present a macrofaunal survey based on 81 
the organisms picked from our experimental cores, as the volume of sediment 82 
used would certainly be too small for that purpose. 83 
Page 6 Lines 151-158: A lot of potential data has been discarded from the PLFAs by 84 
just focusing on four ‘bacteria-specific’ fatty acids. It would be interesting to see the 85 
full profiles, particularly as the 13C-labelled bicarbonate treatment may reveal some 86 
insight into which PLFAs might be good indicators of microbial carbon fixation. The 87 
PLFA suites are presented in Figure 4, and described and interpreted in 88 
section 3.2. We considered the use of PLFA suites carefully during manuscript 89 
preparation, and are not confident in drawing further conclusions from them. 90 
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As previously mentioned, I am not content with the use of standard deviations to 91 
describe variation in the data. Where n = 2, you cannot reliably calculate means or 92 
standard deviations. Figures and text have been amended accordingly. 93 
Page 7 Line 168: ‘In the algae addition experiments…’ Please revise. Corrected 94 

Page 8 Lines 174-181: I think you could potentially offer more insight into the 95 
microbial processes by considering a wider range of PLFAs for each site. Which 96 
PLFA groups showed greatest label uptake? We appreciate this suggestion. 97 
However, the scope to further interrogate the PLFA data has already been 98 
carefully considered. We decided that further conclusions cannot be drawn 99 
with an acceptable level of confidence. 100 

Page 8 Line 175: Normally C19:0 is used as a standard in the PLFA analysis which 101 
may explain why it is found in higher concentrations. Apologies, C19:0 was indeed 102 
used as a standard The values in the text and figures have been adjusted to 103 
exclude it. 104 

Page 8 Line 183: Please revise to ‘Faunal uptake of added C differed between the 105 
two replicate cores in all experiments…’Revised 106 

Page 8 Line 191-192 and Figure 6: Given the small sample size, I am not convinced 107 
that a community level analysis of faunal feeding responses is appropriate. 108 
Differences in faunal uptake are likely to be driven by spatial variability, with common 109 
taxa such as polychaetes heavily overrepresented. This leads to the ‘mixed 110 
macrofauna’ category essentially consisting of everything except polychaetes. We 111 
agree that the taxonomic resolution of the data is low, but we still feel it is 112 
worth reporting the available information on the identities of the organisms 113 
responsible for C uptake. We therefore chose to keep this short section, but 114 
have prefaced it with the following text to ensure that the limitation is 115 
acknowledged: ‘Small size of individuals meant that organisms had to be pooled for 116 
isotopic analysis, limiting the taxonomic resolution of the faunal uptake data. 117 
Although limited in this way, the data show that […]’ 118 

Page 8 Line 191 – Page 9 Line 199: In light of the small sample size please don’t 119 
refer to dominance either in terms of faunal abundance or feeding responses. It 120 
would be more appropriate to discuss simply which groups were more/less abundant 121 
and exhibited greater/weaker uptake of the 13C-label. This section has been 122 
edited to avoid using the term ‘dominant’ or ‘dominance’. 123 

Page 8 Line 196- Page 9 Line 199: This last sentence is confusing, please revise 124 
and clarify. The sentence has been revised to: ‘In addition, meiofaunal organisms 125 
took up 13C at Middle Sister, and the bicarbonate 13C that was transferred to 126 
macrofauna at Hook Ridge was mostly observed in amphipod crustaceans.’ 127 

There is frequent use of ‘therefore’ and ‘however’, please remove these where 128 
possible. Discussion text has been edited to remove several uses of each. 129 

Page 9 Lines 202-212: This paragraph is a description of the results. Please revise 130 
to contextualize your findings. This text has been edited slightly, but we feel that 131 
these features of the data need to be pointed out as a foundation for the 132 
material that follows. 133 

Page 9 Lines 220-222: Long sentence, requires broken up. Please revise. This 134 
sentence has been edited, and broken into two. 135 
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Page 9 Lines 223 Page 10 Line 228: Please revise along the lines of “This is 136 
supported by a recent modelling study which suggested that…. (Bell et al 2017b). 137 
Similar results have also been reported from the methane-rich non-hydrothermal 138 
sediments… (Woulds et al., inpress). The text has been shortened along the lines 139 
suggested. 140 

Page 10 Line 242-248: I am afraid that this is a major flaw in the overall paper. Given 141 
that temperature is critical to microbial metabolism, the current paper is likely to 142 
seriously underestimate the level of carbon fixation. This needs to be made clearer 143 
earlier in the paper. The extent to which this is a problem remains an open 144 
question. Observations of cores on deck strongly suggested that the in situ 145 
temperature was substantially lower than that calculated (by estimating 146 
cooling of cores during recovery) by Klinkhammer et al. (2001) – i.e. the extent 147 
of hydrothermal venting could have changed over time. Unfortunately, due to 148 
kit malfunction, we did not have equipment available for in situ sediment 149 
temperature measurements. In the absence of this we feel that the 150 
experimental approach used here has as much chance of being correct as if 151 
we had used the in situ temperature calculated by Klinkhammer et al several 152 
years earlier. Considering this, we feel that acknowledgement and discussion 153 
of the potential impact of temperature is correctly placed here. 154 

Page 11 Lines 273-275: Based on two replicates, it would only be possible to 155 
discuss the magnitude of the differences and perhaps compare these between sites. 156 
Remove reference to standard deviations from the discussion. Reference to 157 
standard deviation has been removed. 158 

Page 12 Line 285: Delete ‘rather’ Deleted 159 

Page 12 Line 298: Revise to ‘…Branfield Strait. Therefore…’ A slightly different 160 
edit has been made in response to an earlier comment. 161 

Page 12 Lines 298-299: Here you are discussing the effects of temperature on 162 
metabolic rates. Here you should consider the impacts of rate limitation and do a 163 
quick literature search. There is quite a large body of literature on  this topic It is not 164 
entirely clear what point the reviewer would like to see added. However, we 165 
have done the suggested search, and have added the following: ‘Both low 166 
temperature and food scarcity have previously been observed to limit metabolic rates 167 
in polar environments (Brockington and Peck, 2001; Sommer and Portner, 2002).’ 168 

Page 12 Line 302: Delete ‘Thus’ Deleted 169 

Page 13 Line 324-325: Based on the Q10 effect, metabolic activity increases 170 
logarithmically with temperature. As such, a change of 1oC may be more significant 171 
than you assume. I think this may require further explanation. We acknowledge this 172 
theoretical point. However, previous studies which have examined the impact 173 
of temperature on this type of experiment (Moodley et al., 2005; Woulds et al., 174 
2009) have not found an exponential response, so extensive additional 175 
discussion may not be well founded. We have edited text to allow for the fact 176 
that a 1 degree temperature difference could have accounted for part of the 177 
difference. 178 

Page 13 Line 339: Delete ‘and thus high biomass benthic communities.’ Deleted 179 

Page 13 Line 341: Delete ‘Further’ and replace ‘while’ with ‘Whilst’ Revised 180 
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Page 13 Line 341-342: The comparison between sites was limited by the size of 181 
each sample (half a core), and lack of replication (n = 2). Your experimental design 182 
does not allow you to make any inferences on faunal patchiness. We accept this 183 
limitation, but have noted earlier that a greater degree of variability between 184 
replicates was observed then in other experiments conducted in the same 185 
way. We feel that it would be remiss to remove mention of faunal patchiness. 186 

Page 14 Line 347: You cannot use the term ‘significant’ as this implies the use of 187 
inferential statistical tests. Please revise. Apologies. The text has been edited to 188 
avoid the use of ‘significant’ here and elsewhere. 189 

Page 14 Line 354: Replace ‘dominant’ with ‘main’ Revised 190 

Page 14 Line 357-358: ‘Therefore the hydrothermal site (Hook Ridge) in this study 191 
was not the hotspot of C-cycling that we hypothothesised it would be.’ You need to 192 
define what is meant here by a ‘hotspot of C-cycling.’ Is this referring to 193 
chemosynthetic carbon fixation? This has been clarified, and now reads ‘The 194 
hydrothermal site (Hook Ridge) in this study did not show more rapid C-cycling than 195 
other similar experiments, as we hypothesised it would.’ 196 

Page 14 Line 358-359: Delete paragraph break. We would prefer to keep two 197 
separate paragraphs, one for each of the main topics of our manuscript. 198 

Page 14 Line 362: Delete the final sentence. We would prefer to keep this final 199 
statement as a pointer towards future work. 200 

Reviewer Comment 2 201 

Reviewer 2 argues that the measurements of in situ C fixation that we present have 202 
conceptual flaws, due to having been conducted ex-situ. Thus the sediment that we 203 
incubated was cut off from its supply of the electron donors which provide the energy 204 
for chemosynthesis, and which are presumably sourced from the upwards flux of 205 
hydrothermal fluid from deeper in the sediment. We acknowledge this point, but 206 
suggest that it may not have been a serious consideration at the sites which 207 
we studied, and does not warrant exclusion of all the benthic inorganic C 208 
fixation material. 209 

Firstly, the hydrothermal site that we studied (Hook Ridge, in the Bransfield 210 
Strait) was rather mildly hydrothermal. Hence, as has been reported, vent 211 
endemic fauna were almost absent (Bell et al., 2016), there was no increase in 212 
faunal biomass close to venting, and downcore profiles of alkalinity, nitrate 213 
and ammonium were consistent with normal microbial processes (Aquilina et 214 
al., 2013). There were indications of of hydrothermal flux in chloride, sulphate 215 
and sulphide profiles, which allowed Aquilina et al. (2013) to calculate 216 
hydrothermal advection rates of 9-33 cm y-1. At these low advection rates we 217 
suggest that there would not have been sufficient time during our ~60 h 218 
experiment for a noticeable depletion in availability of electron donors 219 
supplied by hydrothermal fluid. 220 

Secondly, we measured greatest amounts of benthic inorganic C fixation at 221 
our non-hydrothermal control site. The methods we used did not allow us to 222 
definitively pinpoint the metabolic processes responsible for inorganic C 223 
fixation, but the fact that C fixation was maximal at a non-hydrothermal site 224 
suggests that it is not, or not always, inherently linked to hydrothermalism. 225 
Indeed this is one of our key findings. Therefore, while our ex-situ incubation 226 
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technique could have resulted in conservative rate measurements at the 227 
hydrothermal site, we do not feel that it would be a proportionate response to 228 
exclude all the material about benthic inorganic C fixation. 229 

We have added the following to discussion section 4.1: 230 

‘Experiments were designed to replicate natural conditions as far as practically 231 
possible, while being limited to shipboard rather than in situ methods. One result of 232 
this is that the sediment contained in cores was detached from the upward flux of 233 
hydrothermal fluid, and the electron donors it supplied. This could have limited 234 
inorganic C fixation, which would have impacted the rates measured at Hook Ridge. 235 
We suggest however that this is not a serious limitation, as Hook Ridge was rather 236 
mildly hydrothermal. Vent endemic fauna were almost absent (Bell et al., 2016), 237 
there was no increase in faunal biomass close to venting, downcore profiles of 238 
alkalinity, nitrate and ammonium were consistent with normal microbial processes, 239 
and hydrothermal advection rates were 9-33 cm y-1 (Aquilina et al., 2013). At these 240 
low advection rates we suggest that there would not have been sufficient time during 241 
our ~60 h experiments for a noticeable depletion in availability of electron donors 242 
supplied by hydrothermal fluid.’ 243 

In addition the reviewer asks for clarification of methods (e.g depths over which 244 
PLFAs were measured, and procedure used to determine whether labelling levels 245 
were above background). These details will all be added. Further they also make the 246 
same point about use of means and standard deviations as reviewer 1. As stated in 247 
the reply to reviewer 1, we will alter our presentation of results to avoid use of means 248 
and standard deviations. 249 

References: 250 

Aquilina, A., Connelly, D. P., Copley, J. T., Green, D. R. H., Hawkes, J. A., Hepburn, 251 
L. E., Huvenne, V. A. I., Marsh, L., Mills, R. A., and Tyler, P. A.: Geochemical and 252 
Visual Indicators of Hydrothermal Fluid Flow through a Sediment-Hosted Volcanic 253 
Ridge in the Central Bransfield Basin (Antarctica), Plos One, 8, 2013 254 

Bell, J. B., Woulds, C., Brown, L. E., Sweeting, C. J., Reid, W. D. K., Little, C. T. S., 255 
and Glover, A. G.: Macrofaunal ecology of sedimented hydrothermal vents in the 256 
Bransfield Strait, Antarctica, Frontiers in Marine Science, 3, 2016 257 

Line 57 to 62 It is better to mention about the time scale, because C uptake by fauna 258 
will also be respired into CO2 in longer time scale. ‘In the short term’ added to line 259 
54. 260 

Line 93 Middle sister is not described in Fig 1 (Three Sisters is described). Off-vent 261 
is also not described in Fig 1, but Off-Axis control is described. Please be consistent 262 
through the text and the figures. Unfortunately re-drawing the figure is not 263 
straightforward, however the caption states that ‘off-axis control’ is the same 264 
as ‘off vent’, and ‘Three Sisters’ is the same as ‘Middle Sister’. 265 

Table 1 The authors listed the water temperature of each site, but do you have a 266 
data for characterizing each site in terms of venting activities, such as heat flow 267 
value, H+ or CH4 or Cl concentration of pore water? Can you list up some from 268 
Aquilina et al. 2013?? We do not have the parameters mentioned by the 269 
reviewer for all sites (due to low hydrothermal advection), so do not feel that it 270 
would be appropriate to add to Table 1. However, we have added the following 271 
note to the method section: ‘Porewater geochemistry at Middle Sister and Off-Vent 272 
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were consistent with microbial processes without influence of hydrothermal activity. 273 
Porewater NO3- and NH4+ profiles were indicative of nitrate reduction, but downcore 274 
declines in SO42- and Cl- were lacking over the ~40 cm depth sampled. In contrast, at 275 
Hook Ridge SO4

2- was depleted by up to 11% compared to seawater, and Cl- by up 276 
to 7%, allowing calculation of hydrothermal advection of 9-33 cm y-1 (Aquilina et al., 277 
2013).’ 278 

Line 115 (If the authors decided not to delete Chemoautotrophic C production 279 
results) To give better idea how much 13C- and 15N were dosed into existing DIC or 280 
ammonium, it is needed to indicate them uM. In the line 158, the authors mentioned 281 
that the added 13C-DIC account for 22%, but this must differ between sites because 282 
venting fluid contains high DIC (5-100mM) than bottom water (_2.1mM). Estimated 283 
concentrations in porewaters of added substrates have been added. Due to 284 
weak hydrothermalism at Hook Ridge, alkalinity in the surface sediment there 285 
is similar to the other sites (although is higher further downcore, Aquilina et 286 
al., 2013), there fore there one estimated value is provided for all sites.  287 

Line 151 It is totally unclear which depths did authors use for each analysis. For 288 
PUFA, all sediment layers were used or not? For faunal, the authors examined 10 289 
cm or deeper? This detail has been added (0-1 cm for PLFAs, 0-10 cm for 290 
fauna). 291 

Line 173 More specifically, how much 13C-labeling was determined as detection 292 
limits considering natural variations in d13C values? This must be written in M&M. 293 
M&M text details that natural isotopic baselines were used for individual 294 
PLFAs and faunal taxa. In addition, 13C uptake was only calculated where the 295 
difference exceeded analytical variability. This detail has been added to M&M. 296 

Line 188 Again, how much 13C-enrichments were regarded as 13C uptake? 297 
“Measurable 298 

uptake” sounds like even 1 per mil of d13C differences from background are 299 

regarded as uptake. See reply above. 300 

 301 

Line 206 Please describe this for more detail. Not only analytical precision, but also 302 
variations in background samples in replicate (if available) must be considered, 303 
which sometimes shows _5 per mil of variation. Replicate background data are not 304 
available for PLFAs. For fauna they show variability of usually 1 per mil for 305 
each taxon, and enrichment was up to 68 per mil. We have been careful to use 306 
only data where we are confident there is an unambiguous and quantifiable 307 
enrichment (see earlier responses), and have applied further care in 308 
acknowledging the limitations of our study and not over-interpreting the data. 309 

Line 213 If you measured 13C of PLFAs in different layers, it is worth to put vertical 310 
trends in the graphs. Due to resource constraints we only have these data for 311 
the surface 0-1 cm horizon, otherwise we would certainly plot the data 312 
downcore. 313 

Lines 250 and 252 Probably, “mg” is missing. Corrected, thank you 314 

Line 273 It is odd that describing “standard deviation” on samples with 2 replicates. 315 
In line with other reviewer comments we no longer use standard deviations. 316 
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Figure 7 (If the authors decided not to delete Chemoautotrophic C production 317 
results) 318 

It is a bit confusing to show these graphs together; one with “respiration” but one 319 
without. I understand that the respiration of B cannot be measured because of 13C-320 
DIC addition, but you need to mention that clearly in the caption. 321 

Line 325 The differences in microbial biomass were less than twice, while those in 322 
respiration rates differed _7 times. So, the microbial biomass is not the only reason. 323 
The authors need to discuss about these fact more carefully. 324 

Reviewer Comment 3 325 

We thank the reviewer for a supportive review. 326 

The reviewer feels that the methods section could provide more detail, and this will 327 
be added in line with this and other reviews. 328 

In particular, the reviewer asks for further detail of the dual labelled phytodetritus that 329 
was added to the ‘algae’ treatment, and this is provided. In addition acknowledge 330 
that the phytodetritus used was fresher and more reactive than the particulate 331 
organic matter that usually reaches the depth of our study sites. This is a common 332 
feature of most previous experiments of this type it means that the processing rates 333 
we report for algal are likely to be maximum rates. We have added the following 334 
text to methods section 2.2: 335 

‘It is recognised that such organic detritus is less degraded than the sinking 336 
photosynthetic material which normally reaches the depths of our study sites. This is 337 
a limitation of the method common to all such experiments in the literature, and 338 
means that rates for processing of added C in ‘algae’ experiments should be 339 
considered maximal. Further, diatom detritus would have been more representative 340 
of local photosynthetic material, but was unfortunately not available.’ 341 

LN 83: “inorganic substrates” to bicarbonate (H13CO3-): changed 342 

LN 103: A brief description here of the background macrofauna would be 343 
appropriate. The following text has been added: ‘. Polychaetes were numerically 344 
dominant (41-56%), except at Hook Ridge, which was dominated by peracarids, and 345 
oligochaetes were the next most dominant. Vent endemic fauna were represented by 346 
two species of siboglinid polychaete; S. contortum at Hook Ridge, and Siboglimun 347 
sp. Elsewhere (Bell et al., 2016a).’ 348 

LN 112: Product number for your labeled algal material is needed, CIL does not 349 
appear to sell a marine algal detritus that I could find by searching their site. Be 350 
careful with that description too, as it implies a bit of possible reworking given that 351 
you are working at 1000 m depth. If the material is the dual labeled lyophilized algal 352 
cells then it is really fresh algal material for application at a relatively deep site; you 353 
should discuss this if it is the case. An estimate of what portion of the annual flux this 354 
application represents would be appropriate to give more context to the amount of 355 
material be applied. The part number has been added, as well as 356 
acknowledgement that the material is fresher than that which usually arrives at 357 
the site depth (see response to reviewer 2). The following has been added to 358 
provide context for the amount of algal C added ‘This was equivalent to ~1.6% of 359 
total OC in the surface 1 cm of sediment, or ~9% of annual OC input (Bell et al., 360 
2017b)’. 361 
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LN113: Context for the relative amount of application versus what is already there 362 
and available would be useful so the reader can gauge how large the applications 363 
are versus in situ backgrounds for C and N. This has been added, please see 364 
above. 365 

LN 116: Describe the sampling intervals, this will help to indicate how many 366 
measurement points your rates are determined off of. Detail added (sampling 367 
every 12 h for 60 h). 368 

LN 206: Provide a range of PLFA or organic ‰ 13C enrichments to support this 369 
claim. It will be more convincing to readers when presented in that manner. Detail of 370 
the steps we took to ensure the reported uptake was real are given in the 371 
methods section. Since enrichments above background were often small, and 372 
baseline values themselves varied with taxon and specific PLFA, we feel that 373 
providing ranges here will be confusing rather than helpful. We will however 374 
provide access to archived data via a DOI, which we refer to in the results 375 
section. 376 

LN 212: I appreciate the candid nature of this statement, it shows a realistic 377 
interpretation of the data given the limited replication built into the study. We thank 378 
the reviewer for this comment. 379 

LN 216: Provide a reference about the chemosynthetic endosymbionts, also an 380 
indication as to the nature of the symbionts, methane oxidizers or sulfur oxidizers 381 
would be appropriate. References added, along with the detail that most of the 382 
endosymbionts will be doing sulphide oxidation. 383 

LN 235: “important aspect” Is this because it is minor, but potentially widespread? 384 
Vague as written. This has been re-worded ‘…chemoautotrophic C fixation may be 385 
considerably more widespread than previously thought. It is therefore deserving of 386 
further study so that it can be quantitatively incorporated into our understanding of 387 
the marine C-cycle.’ 388 

LN 244: So, this study likely represents minimum rates for chemosynthesis. The 389 
authors should phrase it that way and provide context of what the addition 390 
represented in comparison to normally available substrates. Better to focus on what 391 
your study has actually shown than to speculate that rates would have been higher if 392 
in situ temps were maintained. We agree with the reviewer, the text has been re-393 
phrased as ‘It is therefore likely that the rates measured here for chemosynthetic 394 
incorporation of labelled bicarbonate are minimal rates.’ 395 

LN 250 & 252: 0.24-1.02 and 1.29 both need mg in front of C m-2 d-1, respectively 396 
Corrected, thank you. 397 

LN 263: Would it be worth trying to isolate polar lipids from archaeal components 398 
given their slow metabolism and the relatively short time frame of this study? This 399 
was initially an objective of the project. However, background organic 400 
geochemical work conducted by colleagues found archaeal lipids at very low 401 
concentrations, therefore we were very unlikely to succeed in tracing 13C into 402 
them given the volume of sample available. 403 

LN 268-277: Thank you for addressing the variability observed during tracer studies 404 
relying on bacterial mediation of a substrate! Is it worth talking about reasons for 405 
potential hotspots for both heterotrophy and chemosynthetic processes that are 406 
occurring in this system? I would expect variations in vent flows and sporadic 407 
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availability of resources to give rise to a community that readily adapts to changing 408 
conditions. This is a good point. We have added the following statement to the 409 
relevant discussion section: ‘Fine scale distribution of fauna has been show to 410 
relate to variations in concentrations of species such as sulphide and methane 411 
(Levin et al., 2003), therefore the patchiness observed especially at Hook Ridge is 412 
likely related to spatial and temporal fluctuation in hydrothermal advection.’. 413 

LN 294: Provide percentages from the other studies here so the reader can directly 414 
compare these studies. These have been added. 415 

LN 316: Does the time period involved in this incubation matter here? Transfer into 416 
symbiont and then into tube worm may take a bit more time and require a stronger 417 
signal to show up as the tracer is sequentially diluted through the two carbon pools? 418 
Only fixation by endosymbionts would be required in order for labelled C to be 419 
detected in the isotopic signature of siboglinid specimens (no further transfer 420 
required, as the symbionts live within the annelid tissues). The rate of that 421 
process may have been a factor, and the following has been added along with 422 
other caveats: ‘…or because experiments were not long enough for uptake by 423 
endosymbionts.’ 424 

Figures: Figure 1: state that depth is in meters in figure caption. Added 425 

Figure 2 & 3: remove blue outline on bars. Considering the low uptake rates, 426 
consider converting into µg to limit the decimal places. But, you are consistent 427 
throughout currently. Figures have been re-plotted in line with reviewer 1 428 
comments, blue outlines have been removed. The reviewer makes a valid point 429 
about decimal places, but we prefer to use mg to maintain comparability with 430 
the literature. 431 

Figure 4: Format the letters for the figures into the actual graphs, hard to interpret as 432 
laid out presently. Also resulted in the splitting of the figure between page 24 and 25. 433 
Both substrates should be on the same y axis scale to aid in interpretation and 434 
comparison (both 60% max). Letters not added to panels, but this can be done 435 
depending on what is preferred by typesetters. The reviewer makes a valid 436 
point about using the same y-axis scales, but this is not practical as it will 437 
make plots difficult to read – especially panel A (currently on 0-20% scale, so 438 
would be very small on a 0-60% scale). 439 
  440 



11 
 

Benthic Carbon fixation and cycling in diffuse hydrothermal 441 

and background sediments in the Bransfield Strait, 442 

Antarctica 443 

Clare Woulds*1, James B. Bell1, 2, Adrian G. Glover3, Steven Bouillon4, Louise S. Brown1, 2 444 

1water@leeds, School of Geography, University of Leeds, Leeds, LS2 9JT, UK 445 

2Cefas, Pakefield Road, Lowestoft, Suffolk, NR33 0HT, UK 446 

3Life Sciences Dept., Natural History Museum, Cromwell Rd, London SW7 5BD, UK 447 

4Department of Earth and Environmental Sciences, KU Leuven, Leuven, Belgium 448 

 449 

*Correspondence to: c.woulds@leeds.ac.uk 450 

 451 

Abstract 452 

Sedimented hydrothermal vents are likely to be widespread compared to hard substrate hot vents. They host 453 

chemosynthetic microbial communities which fix inorganic C at the seafloor, as well as a wide range of 454 

macroinfauna, including vent-obligate and background non-vent taxa. There are no previous direct observations 455 

of Carbon cycling at a sedimented hydrothermal vent. We conducted 13C isotope tracing experiments at 3 456 

sedimented sites in the Bransfield Strait, Antarctica, which showed different degrees of hydrothermalism. Two 457 

experimental treatments were applied, with 13C added as either algal detritus (photosynthetic C), or as 458 

bicarbonate (substrate for benthic C fixation). Algal 13C was taken up by both bacteria and metazoan 459 

macrofaunal, but its dominant fate was respiration, as observed at deeper and more food limited sites elsewhere. 460 

Rates of 13C uptake and respiration suggested that the diffuse hydrothermal site was not the hotspot of benthic 461 

C-cycling that we hypothesised it would be. Fixation of inorganic C into bacterial biomass was observed at all 462 

sites, and was measurable at 2 out of 3 sites. At all sites, newly fixed C was transferred to metazoan macrofauna. 463 

Fixation rates were relatively low compared to similar experiments elsewhere, thus C fixed at the seafloor was a 464 

minor C source for the benthic ecosystem. However, as the greatest amount of benthic C fixation occurred at the 465 

Deleted: ¶

Deleted: ¶

Deleted: ¶



12 
 

off vent (non-hydrothermal) site (0.077±0.034 mg C m-2 fixed during 60 h), we suggest that benthic fixation of 469 

inorganic C is more widespread than previously thought, and warrants further study. 470 

  471 
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1. Introduction 472 

Sedimented hydrothermal vent (SHV) sites are those where hydrothermal fluid diffuses through soft sediment 473 

cover on its way to mixing with oceanic bottom water. This creates hot (up to ~100°C) sediments with 474 

porewaters rich in dissolved sulphide and methane. This supports microbes that conduct chemosynthetic C 475 

fixation through a range of pathways (Bernardino et al., 2012). These hydrothermally influenced sediments are 476 

likely to be more spatially extensive than hard substrate vents, although their diffusive nature makes their extent 477 

hard to quantify. Sedimented hydrothermal vents have been shown to influence biological community 478 

composition and nutrition at adjacent sites which were otherwise characterised as ‘inactive’ or ‘off-vent’ (Levin 479 

et al., 2009; Bell et al., 2016a; Bell et al. 2016b; Bell et al., 2017a). However, the ecology of sedimented 480 

hydrothermal sites has received relatively little study. There is only one modelling study that has focused on the 481 

interaction between benthic ecosystems and C-cycling at SHVs (Bell et al., 2017b), and there are no direct 482 

observations of SHV C-cycling by components of the benthic ecosystem. 483 

So far, a limited number of studies have used natural stable isotopic analysis to determine carbon sources and 484 

their fixation pathways utilised by infauna at SHVs (Levin et al., 2009; Soto, 2009; Sweetman et al., 2013; Bell 485 

et al. 2016b; Portail et al. 2016). Evidence has shown that C fixed during anaerobic oxidation of methane, oxic 486 

methanotrophy, sulphide oxidation, as well photosynthetic organic matter (OM) sinking from the surface, are all 487 

utilised by macrofauna to varying extents at SHVs (Levin et al., 2009; Bernardino et al., 2012). It is challenging 488 

to quantify the relative contributions of different C sources to macrofaunal diets, both because the natural 489 

isotopic ranges of some C sources overlap, and because often the isotopic compositions of those end members 490 

could not be measured (Levin et al., 2009; Bell et al., 2016b). Unknown variability in trophic discrimination 491 

factors also currently preclude quantitative estimates of the relative contribution of different C sources. 492 

Stable isotope tracing experiments offer a way to overcome some of these issues. The experimental addition of 493 

labelled C sources, either photosynthetic OM or dissolved inorganic C (bicarbonate) to SHV sediment allows 494 

production of chemosynthetic OM, and the transfer of different OM types into the macrobenthos and other C 495 

pools in the short term to be directly observed. Such experiments (using only photosynthetic OM) have been 496 

conducted at a wide range of (ostensibly) non-chemosynthetic benthic sites, and have shown a wide variation in 497 

the relative importance of different biological C processing pathways (Woulds et al., 2009; 2016). At food 498 

limited sites in the deep-sea, respiration tends to be the dominant fate of added OM (van Oevelen et al. 2011; 499 

2012). Shallower, more food rich settings such as coastal fjords and estuaries, with greater sedimentary organic 500 

C concentrations and higher macrofaunal biomass, show a pattern of biological C processing in which uptake by 501 
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fauna is a more important process, and at unusual and particularly food rich sites, such as the lower margin of 510 

the Arabian Sea oxygen minimum zone (~1000 m depth), macrofaunal C uptake can even be the dominant 511 

process (Woulds et al., 2009; 2016).  512 

The occurrence of chemosynthesis in a benthic habitat represents an additional source of fresh, labile OM in an 513 

environment that would otherwise be more severely food limited. For this reason, it has been suggested that 514 

hydrothermally influenced sites can be biomass hotspots, where biogeochemical cycling is rapid (Bernardino et 515 

al., 2012). However, due to the environmental toxicity created by hydrothermal fluid, and the fact that the 516 

majority of taxa inhabiting SHVs are background rather than vent-endemic, the difference in faunal biomass 517 

between SHVs and adjacent non-vent sites is highly variable (Levin et al., 2009; Bernardino et al., 2012; Bell et 518 

al., 2016). It therefore seems possible that biological C processing at SHVs will show a distinct complement of 519 

biological C processing patterns unlike those observed elsewhere in the deep sea. The food rich, high biomass 520 

characteristics of some SHVs may lead to biological C processing that is and more similar to shallower, food 521 

rich environments. On the contrary, spatially variable biomass patterns, as well as the metabolic costs associated 522 

with potentially high temperatures and porewater toxicity could counteract the effect of enhanced food 523 

availability. As direct measurements of biological C processing rates and pathways have not previously been 524 

made at SHVs or in the Southern Ocean, there remains a gap in our understanding of sedimentary C and N-525 

cycling. 526 

In this study we conducted stable isotope tracing experiments at three sites of variable hydrothermal activity in 527 

the Bransfield Strait, Antarctica. To the best of our knowledge this is the first isotope tracing experiment in this 528 

type of system. The following hypotheses were tested: 529 

 Hydrothermally influenced sites exhibiting chemosynthesis will show elevated rates of biological C 530 

processing. 531 

 At hydrothermally influenced sites bicarbonate will be fixed by chemoautotrophs and transferred to the 532 

macrofauna. 533 

 Preference for feeding on photosynthetic versus chemosynthetic OM will be taxon dependent. 534 
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2. Methods 543 

2.1 2.1 Study sites 544 

In this study we focus on a SHV in the Bransfield Strait, close to the tip of the Antarctic peninsula. The 545 

discovery of hydrothermal venting in the Bransfield Strait was reported by Klinkhammer et al. (2001), who 546 

detected hydrothermal plumes in the water column, and recovered hot ‘soupy’ sediment from Hook Ridge. In 547 

addition, a species of Sclerolinum (Sahling et al., 2005; Georgieva et al., 2015) there has been described, and 548 

porewater geochemistry and hydrothermal flux rates have been published (Sahling et al., 2005; Aquilina et al., 549 

2013). 550 

Experiments were conducted at three sites in the Bransfield Strait, Antarctica (Fig. 1). Two of the sites lay on 551 

raised edifices, known as Hook Ridge and Middle Sister, along the axis of the basin, and were selected as being 552 

likely to exhibit diffuse hydrothermal venting, and the former was the location where diffuse venting had been 553 

identified. A third site, at a similar depth but along the north side of the basin, was chosen as an off-vent control 554 

(hereafter known as ‘Off-Vent’). 555 

Porewater geochemistry at Middle Sister and Off-Vent were consistent with microbial processes without 556 

influence of hydrothermal activity. Porewater NO3
- and NH4

+ profiles were indicative of nitrate reduction, but 557 

downcore declines in SO4
2- and Cl- were lacking over the ~40 cm depth sampled. In contrast, at Hook Ridge 558 

SO4
2- was depleted by up to 11% compared to seawater, and Cl- by up to 7%, allowing calculation of 559 

hydrothermal advection of 9-33 cm y-1 (Aquilina et al., 2013). 560 

Sediment organic carbon (Corg) concentrations were lower at Hook Ridge (0.97 wt% Corg) than at the Off-Vent 561 

and Middle Sister sites, which showed similar values (1.35 and 1.4 wt% Corg respectively, Table 1). The sites 562 

differed in biomass of different groups, with Hook Ridge and Middle Sister showing higher bacterial biomass 563 

and lower macrofaunal biomass than the Off-Vent site (Table 1). Hook Ridge was the only site classified as 564 

hydrothermally active by Aquilina et al. (2013). Porewaters were enriched in sulphide, methane and dissolved 565 

metals and depleted in chloride, and the calculated hydrothermal advection rate was 9-33 cm y-1. Macrofauna 566 

tended to be representative of the background taxa of the region. Polychaetes were numerically dominant (41-567 

56%), except at Hook Ridge, which was dominated by peracarids. Oligochaetes were the next most dominant at 568 

all sites. Vent endemic fauna were represented by two species of siboglinid polychaete; S. contortum at Hook 569 

Ridge, and Siboglimun sp. elsewhere (Bell et al., 2016a). Each site also supported one species of siboglinid 570 
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polychaete. In the case of Hook Ridge this was S. contortum, and at Middle Sister and the Off-Vent site it was 574 

Siboglinum sp., and they were always a minority constituent of the community (Bell et al., 2016 a).  575 

2.2 Isotope tracing experiments 576 

Sediment cores (10 cm i.d.) were recovered using a multiple corer, and kept in the dark at seafloor temperatures 577 

(Table 1) using cooled incubators. Experiments were initiated by addition of isotopically enriched substrates. 578 

Cores were then sealed and incubated for ~60 h, during which core-top water was continuously stirred.  579 

Duplicate cores were subjected to each of two treatments. In the ‘algae’ treatment, lyophilized algal cells 580 

(Chlorella, Cambridge Isotope Laboratories, CNLM-455-1) enriched in 13C and 15N (both ~100 at %) were 581 

allowed to settle on the sediment surface, giving a final dose of 436±30 mg C m-2. This was equivalent to ~1.6% 582 

of total OC in the surface 1 cm of sediment, or ~9% of annual OC input (Bell et al., 2017b). It is recognised that 583 

such organic detritus is less degraded than the sinking photosynthetic material which normally reaches the 584 

depths of our study sites. This is a limitation of the method common to all such experiments in the literature, and 585 

means that rates for processing of added C in ‘algae’ experiments should be considered maximal. Further, 586 

diatom detritus would have been more representative of local photosynthetic material, but was unfortunately not 587 

available. 588 

In the ‘Bicarbonate’ treatment a solution of 100 % 13C labelled sodium bicarbonate and 100 % 15N labelled 589 

ammonium chloride was injected in the surface 5 cm of sediment porewater, to give a dose of 306 mg C m-2 and 590 

2.52 mg N m-2, and an estimated porewater bicarbonate concentration of 1 mM. 591 

At intervals (T0 and every ~12 h thereafter) during the incubation, core top water samples were withdrawn from 592 

Algae treatment cores, and stored in crimp-cap vials poisoned with HgCl2 for dissolved inorganic carbon (DIC) 593 

analysis. At the end of the experiment cores were extruded and sectioned at intervals of 0-1, 1-2, 2-3, 3-5 and 5-594 

10 cm. Half of each section was frozen at -20°C, and the other half was preserved in buffered 10% formalin. 595 

2.3 Sample processing and analysis 596 

Overlying water samples were analysed for concentration and isotopic composition of DIC in triplicate on a 597 

Thermalox TOC analyser coupled to a Thermo Delta V Advantage IRMS via a Conflo IV interface, using a 598 

Thermo TriPlus autosampler. The reaction column was filled with H3PO4-coated beads. 599 

Frozen sediment samples were freeze dried, and surface 0-1 cm horizons were analysed for phospholipid fatty 600 

acids (PLFAs) following Main et al. (2015). Briefly, samples were extracted in a modified Bligh and Dyer 601 
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extraction solution of chloroform:methanol:citrate buffer, 1:2:0.8. The polar fraction was obtained by loading 604 

samples onto ISOLUTE SPE columns, washing with chloroform and acetone, and eluting with methanol. After 605 

addition of nonadecanoic acid (C19:0) as an internal standard, extracts were derivatised in the presence of KOH 606 

in methanol. Derivatisation was quenched with water and acetic acid, and the organic fraction was extracted by 607 

washing with 4:1 isohexane:chloroform. Samples were dried and then taken up in isohexane for analysis on a 608 

Trace Ultra GC, connected via a GC Combustion III to a Delta V Advantage IRMS (Thermo Finnigan, 609 

Bremen). The isotopic signature of each PLFA was measured against a CO2 reference gas which is traceable to 610 

IAEA reference material NBS 19 TS-Limestone, with a precision of ± 0.31 ‰, and corrected for the C atom 611 

added during derivatization. 612 

Sediment horizons between 0 and 10 cm preserved in formalin were sieved over a 300m mesh. Macrofauna 613 

were extracted under a binocular microscope, identified to broad taxonomic level, air dried in pre-weighed tin 614 

capsules, and weighed. In some cases multiple individuals were pooled to create samples large enough for 615 

analysis. Fauna were de-carbonated by dropwise addition of 0.1M HCl, followed by air drying at 50°C. 616 

Calcareous foraminifera and bivalves which were too small for manual removal of shells were de-carbonated 617 

with 6N HCl. Fauna were analysed for their C contents and isotopic signature using a Flash EA 1112 Series 618 

Elemental Analyser connected via a Conflo III to a DeltaPlus XP isotope ratio mass spectrometer (all Thermo 619 

Finnigan, Bremen). Carbon contents was quantified using the area under the mass spectrometer response curve, 620 

against National Institute of Standards and Technology reference material 1547 peach leaves (repeat analysis 621 

gave precision ± 0.35 %). Isotopic data were traceable to IAEA reference materials USGS40 and USGS41 (both 622 

L-glutamic acid), with a precision ± 0.13 ‰. 623 

2.4 Data treatment 624 

Respiration of added algal C was calculated for cores subjected to the algae treatment. The amount of excess 625 

DI13C in each sample was calculated by first subtracting the natural abundance of 13C in DIC. This was scaled 626 

up to give the total amount of DIC from the added algae at each sample timepoint, and corrected for water 627 

removed and added during sampling. Respiration rate was calculated for each core by placing a line of best fit 628 

through the amount of added 13C over time, and normalised to surface area. 629 

Bacterial incorporation of 13C was calculated by first subtracting the natural abundance of 13C from the isotopic 630 

signature of each PLFA (data published in Bell et al., 2017), where the difference exceeded the precision of the 631 

analytical technique, to give the amount of added C in each compound. Bacterial incorporation was then 632 
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calculated using the 4 bacteria-specific PLFAs isoC14:0, isoC15:0, antisoC15:0, and isoC16:0, following 634 

Boschker and Middelburg (2002). Uptake of 13C into these bacteria-specific PLFAs was summed, and scaled up 635 

on the basis that they together account for 14% of total bacterial PLFA, and that PLFAs account for 5.6% of 636 

total bacterial biomass. For samples in the bicarbonate treatment further scaling up was applied, to account for 637 

the fact that the addition of 13C bicarbonate was calculated to result in a porewater DIC pool that was 22 atom % 638 

13C. 639 

Faunal uptake of added 13C was calculated by subtracting 13C attributable to its natural abundance in the 640 

appropriate taxon (data published in Bell et al., 2017 a) from faunal isotopic signatures, where the difference 641 

exceeded the precision of the analytical technique, and multiplying by the quantity of organic C in each 642 

specimen. Specimens were summed for each core, and the value multiplied by 2, to account for only half of 643 

each horizon being used for faunal extraction.  644 

3. Results  645 

Data files can be accessed at DOIxxxx. 646 

3.1 3.1 Respiration 647 

Respiration rates measured in algae addition experiments varied from 0.03 mg C m-2 h-1 at the off vent site to 648 

0.15 mg C m-2 h-1 at Middle Sister (Fig. 2).  649 

3.2 3.2 Bacterial uptake and PLFA suite 650 

In the algae addition experiments, total bacterial uptake of C throughout the experiment was maximal at Middle 651 

Sister and Hook Ridge (1.30-1.91 and 1.25 mg C m-2, respectively), and minimal at the off vent site (0.25-0.77 652 

mg C m-2, Fig. 3). In bicarbonate addition experiments, in which incorporation of 13C into bacterial PLFAs 653 

represents chemosynthesis, bacterial incorporation of bicarbonate was maximal at the off vent site (0.05-0.10 654 

mg C m-2), and was also detectable in one of the replicates at Middle Sister (0.003 mg C m-2, close to detection 655 

limits, so this value is treated with caution), however it was not detectable at Hook Ridge.  656 

The PLFA suites at all sites were qualitatively similar. They were dominated by C16:0, C16:17c, and 657 

C18:17, which together constituted 42 ± 2% of total PLFAs (Fig. 4). This is at the high end of contributions 658 

from these compounds elsewhere, such as 34-45% in the Arabian Sea, and 41% on the Galicia Bank (Kunihiro 659 

et al., 2014). The relatively high proportions of C16:17 and C18:17 are indicative of the presence of 660 

chemosynthetic and specifically sulphide oxidising bacteria (Colaco et al., 2007). In addition C18:19, which is 661 
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linked to endosymbionts in vent mussels, and C18:113, which is associated with methylotrophic bacteria were 674 

also present (Colaco et al., 2007). 675 

In both algae and bicarbonate addition experiments, 13C incorporation into PLFAs was dominated by C16:0, 676 

followed by C18:19 and the sulphide oxidiser indicators C16:17 and C18:17 (Fig 4). 677 

3.3 3.3 Faunal uptake 678 

Faunal uptake of added C differed between A and B replicate cores in all experiments except the algae addition 679 

at the off vent site, and bicarbonate addition at Middle Sister (Fig. 5).  680 

In algae addition experiments faunal uptake was similar between the off vent site and one of the Hook Ridge 681 

cores (~0.03 mg C m-2), while the other Hook Ridge core showed very low faunal C uptake. Considerably 682 

greater faunal uptake (0.12 mg C m-2) was observed in one of the replicate cores from Middle Sister (Fig. 5).  683 

In bicarbonate addition experiments, measurable uptake of 13C by fauna was observed at all sites. It was 684 

maximal at Hook Ridge (0.02 mg C m-2 in one replicate), and the off vent and Middle Sister sites showed 685 

similar values (Table 2, Fig. 5). 686 

Small size of individuals meant that organisms had to be pooled for isotopic analysis, limiting the taxonomic 687 

resolution of the faunal uptake data. Although limited in this way, the data show that faunal uptake of 13C in 688 

both algae and bicarbonate addition experiments was mostly carried out by either polychaetes, or ‘mixed 689 

macrofauna’ (Fig. 6). This latter category contained variously bivalves, crustaceans, echinoderms, nematodes 690 

and foraminifera, in cases where those groups were not present in sufficient numbers for separate reporting of 691 

their C uptake. When a group was present in sufficient quantity it was analysed separately. As with total 692 

macrofaunal 13C uptake, there was considerable variability between replicate cores in the most abundant 693 

taxonomic groups. In addition, meiofaunal organisms took up 13C at Middle Sister, and the bicarbonate 13C that 694 

was transferred to macrofauna at Hook Ridge was mostly observed in amphipod crustaceans. 695 

4. Discussion 696 

4.1 Occurrence of inorganic C fixation 697 

The results of bicarbonate addition experiments show evidence for occurrence of benthic C-fixation at all sites, 698 

and transfer of that C to the macrofauna, in the form of isotopic enrichment of bacterial PLFAs at the off-vent 699 

and Middle Sister sites (Fig. 3), and of macrofauna at the Hook Ridge and Middle Sister sites (Fig. 5). The 700 
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quantities of bicarbonate 13C detected in bacterial and faunal biomass were low, and tended to be 1 to 2 orders of 712 

magnitude smaller than equivalent values for algae addition experiments (Table 2). We have confidence that the 713 

values reported are above detection limits, in that data were only used where the enrichment of organisms or 714 

PLFAs above their natural background signatures was greater than the analytical precision of the method. The 715 

greatest quantities of bacterial uptake were measured at the off-vent site (Fig. 3), and the greatest quantity 716 

transferred to the fauna was measured at Hook Ridge (Fig. 5), however, due to the low values measured and the 717 

evident patchiness of faunal communities we do not feel these differences are suitable for further discussion. 718 

The most striking result of the bicarbonate addition experiments was that evidence for benthic C fixation was 719 

found at all sites, not only at the hydrothermally influenced Hook Ridge. Further, the site showing the largest 720 

amount of incorporation of bicarbonate 13C into bacterial PLFAs was the off-vent ‘control’ site (Table 2, Fig. 3). 721 

This is consistent with the occurrence of siboglinids at all sites. These host chemosynthetic endosymbionts most 722 

of which conduct sulphide oxidation (Thornhill et al., 2008; Georgieva et al., 2015). It should be noted that the 723 

evidence for inorganic C fixation comes from PLFAs in the bulk sediment, while isotopic signatures of 724 

siboglinids did not show enrichment above background values. Therefore the occurrence of benthic C fixation is 725 

not only associated with siboglinids.  726 

Experiments were designed to replicate natural conditions as far as practically possible, while being limited to 727 

shipboard rather than in situ methods. One result of this is that the sediment contained in cores was detached 728 

from the upward flux of hydrothermal fluid, and the electron donors it supplied. This could have limited 729 

inorganic C fixation, which would have impacted the rates measured at Hook Ridge. We suggest however that 730 

this is not a serious limitation, as Hook Ridge was rather mildly hydrothermal. Vent endemic fauna were almost 731 

absent (Bell et al., 2016), there was no increase in faunal biomass close to venting, downcore profiles of 732 

alkalinity, nitrate and ammonium were consistent with normal microbial processes, and hydrothermal advection 733 

rates were 9-33 cm y-1 (Aquilina et al., 2013). At these low advection rates we suggest that there would not have 734 

been sufficient time during our ~60 h experiments for a noticeable depletion in availability of electron donors 735 

supplied by hydrothermal fluid. 736 

The evidence suggests that while the amount of benthic C-fixation was always low, it was not restricted to 737 

environments typically thought of as chemosynthetic (sedimented or hard substrate hydrothermal vents, methane 738 

seeps, or organic falls (Bernardino et al., 2012)). Thus, benthic C-fixation appears to play a role in benthic C-739 

cycling at a much wider range of sites and over a much larger area of the seafloor than previously thought. This 740 

is supported by linear inverse modelling of C-cycling at the sites in this study, which led Bell et al. (2017b) to 741 
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suggest that chemosynthetic support for ecosystems may have a far greater spatial extent than previously 754 

thought, extending beyond those which are directly hydrothermally influenced. Similar results have also been 755 

reported in non-hydrothermal, but methane rich sediments on the South Georgia margin, where assimilation of 756 

13C labelled bicarbonate into bacterial biomass, and transfer into macrofauna was also observed (Would et al., 757 

2019). In addition, in situ observations of benthic C fixation have also been made at mesotrophic, abyssal sites 758 

in the eastern equatorial Pacific, which were not associated with hydrothermal or methane seep activity 759 

(Sweetman et al. 2018). In that study incorporation of 13C labelled bicarbonate into bacterial PLFAs was 760 

observed at 2 sites separated by 100’s of kilometres, at rates similar to bacterial assimilation of phytodetritus C 761 

at the same sites. Together with global scale modelling completed by Middelburg (2011), these studies suggest 762 

that chemoautotrophic C fixation may be considerably more widespread than previously thought. It is therefore 763 

deserving of further study so that it can be quantitatively incorporated into our understanding of the marine C-764 

cycle.  765 

In their study using linear inverse modelling of the benthic food web and C cycle, based on natural isotopic and 766 

biomass data, Bell et al. (2017b) modelled a rate for chemosynthesis of 5.76-8.4 mg C m-2 d-1 at Hook Ridge, 767 

and <0.006 mg C m-2 d-1 at the off-vent site. These modelled rates at Hook Ridge are considerably higher than 768 

Hook Ridge benthic C-fixation measured in this study, for which there was evidence (labelled PLFAs), but a 769 

rate could not be calculated. The higher modelled rates by Bell et al. (2017 b) may be explained by the fact that 770 

a temperature of 50°C was used for the Hook Ridge site, based on previously published conditions of the site 771 

(Klinkhammer et al., 2001). Unfortunately, equipment was not available while at sea for measurement of 772 

sediment temperature at the study sites, therefore all experiments, including that at Hook Ridge, were conducted 773 

at measured bottom water temperatures of 0-1°C. It is likely that the rates measured here for chemosynthetic 774 

incorporation of labelled bicarbonate are lower than those that would have been measured in situ. It is also 775 

probable that measurable rates could have been detected at Hook Ridge had more samples been available for 776 

replicate analyses. 777 

The maximal rate of benthic C-fixation measured in this study was 0.050 mg C m-2 d-1 , which occurred in one 778 

core at the off-vent site. This remains considerably lower than the 0.24-1.02 mg C m-2 d-1 measured by Molari et 779 

al. (2013, rates calculated in Sweetman et al., 2018) at depths ranging between 1207-4381 m on the Iberian 780 

margin and in the Mediterranean, and the 1.29 mg C m-2 d-1 measured by Sweetman et al. (2018) at ~4100 m 781 

depth in the Clarion Clipperton Zone. The Bransfield Strait sites in this study were shallower, had higher 782 

concentrations of sedimentary organic C, and slightly lower bottom water temperatures than either of the 783 
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previous studies cited. The very low temperatures at which experiments were conducted (1°C at Hook Ridge 799 

and 0°C at the off vent site) is likely to have contributed to the slow measured rates of benthic C-fixation. 800 

Another factor which may influence benthic C-fixation is the annual flux of photosynthetic C from the surface 801 

(Molari et al., 2013; Bell et al., 2017a). The annual flux of POC to the sediments in the Bransfield Strait is 802 

greater than in the Clarion Clipperton Zone, and probably than in the Mediterranean as well (Masque et al., 803 

2002; Sweetman et al., 2017), and this may be an additional driver behind the low benthic C-fixation rates 804 

observed. Archaeal abundance has been shown to correlate with dark C-fixation, and addition of labile organic 805 

material has been shown to increase inorganic C fixation rates, perhaps through a combination of heterotrophy 806 

and mixotrophy (Molari et al., 2013). Overall, the factors governing benthic C-fixation rates require 807 

investigation. In addition, the pathways (i.e. autotrophic C fixation versus anapleurotic C fixation by 808 

heterotrophs, Wegener et al., 2012), energy sources (e.g. sulphide, methane) and organisms responsible for 809 

benthic inorganic C fixation have not been identified, and warrant further study. 810 

4.2 Carbon uptake by macrofauna 811 

Uptake of added C by fauna in isotope tracer experiments usually shows a degree of spatial patchiness (e.g. 812 

Woulds et al., 2007), but this seems to have been particularly marked in the Bransfield Strait, mainly at those 813 

sites with hydrothermal influence. This is consistent with the patchiness of Sclerolinum contortum in replicate 814 

cores at Hook Ridge (Bell et al. 2016a). At both Hook Ridge and Middle Sister there was a very marked 815 

difference in faunal uptake of algal C between the A and B replicate cores in algae addition experiments (Fig. 816 

5), and this was considerably greater than that observed, for example, in experiments on the Pakistan margin 817 

Woulds et al. (2007). This is likely to be due to difference in the biomass of fauna present in each core, and such 818 

marked small scale patchiness in faunal communities has been noted previously as a particular feature of SHVs 819 

(Levin et al., 2009; Bernardino et al., 2012). Fine scale distribution of fauna is related to variations in 820 

concentrations of substrates such as sulphide and methane (Levin et al., 2003), therefore the patchiness observed 821 

especially at Hook Ridge is likely related to spatial and temporal fluctuation in hydrothermal advection. 822 

Faunal uptake of added C appeared to be greatest at Middle Sister in algae addition experiments, and at Hook 823 

Ridge in bicarbonate addition experiments, however the variation between replicate cores limits conclusions that 824 

can be drawn. Previous isotope tracing experiments have noted correlations between biomass of taxa and the 825 

amount of C they take up (e.g. Woulds et al., 2007). Further, there was no systematic variation in biomass-826 

specific C uptake (0.026-0.13 ug C uptake / mg C biomass) between sites, therefore the patterns observed here 827 

in faunal C uptake are likely to result from variation in biomass present in each experimental core.  828 
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Similarly, the identities of fauna responsible for 13C uptake was variable between replicate cores (Fig. 6), and 838 

this is also likely to have been driven by variation in the macrofaunal community present in each core. The 839 

prevalence and variable importance of the ‘mixed macrofauna’ category indicates that in some cases a fairly 840 

diverse assemblage was engaged in C uptake and processing. 841 

Previous studies have suggested that SHVs tend to exhibit relatively high biomass macrofaunal communities, 842 

sustained by the additional food source provided by chemosynthesis (Bernadino et al., 2012), and this leads to 843 

an expectation that the macrofauna may be particularly active in processing of organic C in the sediment, in line 844 

with other food rich environments such as estuaries and fjords (Moodley et al., 2000; 2005; Witte et al., 2003a). 845 

This was not the case in the algae addition experiments, with faunal uptake accounting for only 0.05-2.2 % of 846 

total biological 13C processing (Fig. 7). This is similar to the role of faunal C uptake in overall C processing seen 847 

at deep, organic carbon poor sites such as at 2170 m depth off NW Spain (2.2 %, Moodley et al., 2002), or at 848 

1552 m depth in the Eastern Mediterranean (0.2 %, Moodley et al., 2005), and is lower than that at 4800 m 849 

depth on the Porcupine Abyssal Plain (1.5-26 %, Witte et al., 2003b). Such sites tend to have lower OC 850 

concentrations and lower macrofaunal biomass (Woulds et al., 2016) than was observed in the Bransfield Strait, 851 

therefore the unusually small role of macrofaunal in C uptake in the Bransfield Strait may be due to low 852 

temperatures. Both low temperature and food scarcity have previously been observed to limit metabolic rates in 853 

polar environments (Brockington and Peck, 2001; Sommer and Portner, 2002). Another possible explanation for 854 

the rather small amount of macrofaunal C uptake at the Hook Ridge site may be that the macrofaunal 855 

community, which was composed almost entirely of non vent-obligate, ambient Southern Ocean taxa (Bell et 856 

al., 2016a), had reduced levels of function due to the stress imposed by living at a site influenced by 857 

hydrothermal fluid. The toxicity and relatively high temperature of their environment (compared to non-858 

hydrothermal Southern Ocean benthic settings) may have resulted in reduced C uptake activity. Therefore, 859 

macrofaunal biomass and C processing activity were limited by a hydrothermal flux that was sufficient to limit 860 

functioning and preclude occurrence of some some locally common taxa, but insufficient to sustain a high 861 

biomass, vent endemic macrofaunal community as seen in other SHVs (Bell et al., 2016 a). 862 

Siboglinid polychaetes, known to host chemosynthetic endosymbionts, were present at all study sites (Bell et al., 863 

2016 a), but were not found to make a substantial contribution to uptake of added 13C. This is to be expected in 864 

the algae addition experiments, as siboglinids would have direct access to algal C (except possibly via DOC). 865 

Most specimens recovered from biocarbonate addition experiments also showed 13C values indistinguishable 866 
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from their natural signature, with one exception at the Middle Sister site which was enriched compared to the 880 

natural signature by 3.2 ‰. The fact that siboglinids did not have a major role in C fixation and cycling in our 881 

experiments may have been partly due to their low abundances in experiment cores compared to patches where 882 

they were maximally abundant (Bell et al., 2016a), or because experiments were not long enough for uptake by 883 

endosymbionts. Nonetheless, our findings show a much reduced role for siboglinids compared to suggestions 884 

made in previous publications. Aquilina et al. (2014) suggested that Siboglinum sp. at Hook Ridge may be 885 

sufficiently abundant to be conduits for a quantitatively meaningful flux of dissolved iron out of the sediment, 886 

and Bell et al. (2017 b) found that they may be a key taxon facilitating input of chemosynthetic C into the food 887 

web. In agreement with the point made by Bell et al. (2016a), the spatial distribution of siboglinids is extremely 888 

patchy, and thus their role in benthic biogeochemical processes is spatially heterogeneous (Bell et al., 2017a, b). 889 

4.3 Carbon processing and SHVs as biogeochemical hotspots 890 

Respiration rates measured in the algae addition experiments were maximal at Middle Sister, and minimal at the 891 

off-vent site (Fig. 2). Temperature is often recognised as a dominant control on benthic respiration rates (e.g. 892 

Moodley et al., 2005; Woulds et al., 2009), however these experiments were all conducted within 1°C of each 893 

other, so temperature is unlikely to have driven differences in respiration rates. Instead, the differences between 894 

sites may have been driven by differences in bacterial biomass (Table 1), which was maximal at Middle Sister 895 

and minimal at the off-vent site. The bacteria are often found to account for a large majority of benthic 896 

community biomass, and are thus usually assumed to be responsible for the majority of benthic community 897 

respiration (e.g. Heip et al., 2001). The measured respiration rates were similar to those measured at 2170 m on 898 

the NW margin of Spain (Moodley et al., 2002), and on the Porcupine Abyssal Plain (Witte et al., 2003b), both 899 

of which were considerably deeper, and had lower sediment organic C concentrations, but higher bacteria 900 

biomass (Woulds et al., 2016). They were also lower than respiration rates measured at similar depths in the 901 

Eastern Mediterranean (Moodley et al., 2005), and Arabian Sea (Woulds et al., 2009). These sites showed 902 

similar bacteria biomass to the Bransfield Strait, but were all considerably warmer (7-14°C, Woulds et al., 903 

2016), therefore the low ambient temperatures of the Southern Ocean appeared to reduce respiration rates. 904 

It has been suggested that reducing benthic environments are often hotspots of faunal biomass and 905 

biogeochemical cycling due to the increased availability of labile food sources supplied by chemosynthesis 906 

(Bernardino et al., 2012). In this study, the hydrothermally active site Hook Ridge showed rates of respiration 907 

and bacterial uptake of algal C that were intermediate between the two non-hydrothermally active sites (Figs. 2, 908 

3). Whilst comparison between sites is limited by very marked faunal patchiness, the amount of faunal uptake of 909 
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algal 13C at Hook Ridge was similar to that at the off-vent control site, while that at Middle Sister was, in one 917 

replicate, considerably greater (Fig. 5). This suggests that SHVs are not necessarily biogeochemical cycling 918 

hotspots, as in algae addition experiments the overall amount of added C processed by the benthic community 919 

was not greater than that observed at non-hydrothermal sites (Fig. 8). In line with this, biological processing of 920 

added C in the algae addition experiments did not show a major role for faunal C uptake as we hypothesised, but 921 

was instead dominated by respiration, as is typically observed at relatively deep, cold sites (Woulds et al., 2009). 922 

The Middle Sister site showed the greatest amount of biological processing of added algal C, which was 923 

probably attributable to it having the greatest bacterial biomass and organic carbon concentrations, and the fact 924 

that the macrofaunal community, composed mostly of ambient Southern Ocean taxa, will have been functioning 925 

without the stress imposed by hydrothermal fluid. 926 

5. Conclusions 927 

The main fate of photosynthetic C was respiration in common with other deeper and more food limited sites. 928 

The rates of respiration and C uptake by both macrofaunal and bacteria that we measured were comparatively 929 

low, and this is attributable to the low temperature of the experiments, and the toxicity and thermal stress caused 930 

by hydrothermal fluid. The hydrothermal site (Hook Ridge) in this study did not show more rapid C-cycling 931 

than other similar experiments, as we hypothesised it would. 932 

Benthic fixation of inorganic was observed at all sites, and quantified at 2 out of 3 sites. While the rates were 933 

low compared to other similar experiments, the fact that the greatest amount of benthic C fixation occurred at 934 

the off vent site suggests that benthic C fixation may not be restricted to hydrothermal and other reducing 935 

settings. We suggest that it could be an important aspect of the marine C-cycle, and warrants further study. 936 
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Site Lat. Long. Depth (m) Temperature Sediment 

wt%Corg in 

0-1 cm 

horizon 

Macrofaunal 

Biomass (mg C 

m-2) 

Bacterial 

Biomass 

(mg C m-2) 

Off-Vent 62.3842 S 57.2440 W 1150 0 1.35 1091 314±145 

Hook 

Ridge 

62.1924 S 57.2783 W 1054 1 0.97 318 451±21 

Middle 

Sister 

62.6552 S 59.0502 W 1311 0 1.40 374 575±394 

Table 1. Site characteristics, all except bacterial biomass are from Bell et al. (2016). 1064 
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Site Treatment and 

Replicate 

Amount 

Respired 

(mg C m-2) 

Respiration Rate 

(mg C m-2 h-1) 

Bacterial 

Uptake (mg 

C m-2) 

Macrofaunal 

Uptake (mg C m-

2) 

Off-Vent Algae A 1.23 0.025 0.25 0.027 

Off-Vent Algae B 0.75 0.015 0.77 0.034 

Off-Vent Bicarbonate A N/A N/A 0.053 0.0009 

Off-Vent Bicarbonate B N/A N/A 0.102 low 

Hook Ridge Algae A 4.97 0.087 n.d. 0.033 

Hook Ridge Algae B 4.06 0.071 1.25 0.003 

Hook Ridge Bicarbonate A N/A N/A n.d. 0.021 

Hook Ridge Bicarbonate B N/A N/A low low 

Middle Sister Algae A 7.16 0.13 1.91 0.004 

Middle Sister Algae B 8.37 0.15 1.30 0.12 

Middle Sister Bicarbonate A N/A N/A 0.00 0.003 

Middle Sister Bicarbonate B N/A N/A 0.003* 0.003 

Table 2. Amount of C in pools at experiment end, and respiration rates (algae addition experiments only). N/A indicates 1066 

that it was not appropriate to measure respiration in bicarbonate addition experiments, n.d. indicates no data due to 1067 

missing sample, and ‘low’ indicates unmeasurably low value. The value marked * indicates detectable bacterial 13C 1068 

uptake, but very close to detection limits, so value to be treated with caution. 1069 
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 1071 

Figure 1. Map of study sites, adapted from Bell et al. 2016 a. The Off Vent site is marked ‘Off-Axis Control’, and the 1072 

Middle Sister site is located where ‘Three Sisters’ is marked. Depths in m. 1073 

 1074 
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 1076 

  1077 

Figure 2. Respiration rates measured in algae addition experiments. A and B refer to the two replicate cores in each 1078 

experiment. 1079 
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  1083 

A 1084 

  1085 

B 1086 

Figure 3. Bacterial uptake measured in A) algae addition experiments; B) bicarbonate addition experiments. Uptake 1087 

was not quantifiable at Hook Ridge B and Middle Sister A, and sample was not available from Hook Ridge A. A and B 1088 

refer to the two replicate cores in each experiment. 1089 
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 1105 

 1106 

C 1107 

Figure 4. Example PLFA suites – each data series is from one sample, as opposed to being an average across two 1108 

replicates. A) PLFA suite as % of total PLFAs in algae addition experiments (figure for bicarbonate addition 1109 

experiments very similar and not shown), B) Composition of 13C uptake into PLFAs in algae addition experiments, and 1110 

C) Composition of 13C uptake into PLFAs in bicarbonate addition experiments. 1111 
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 1114 

A 1115 

 1116 

B 1117 

Figure 5. Faunal uptake in A) algae addition experiments, and B) bicarbonate addition experiments. A and B refer to 1118 

the two replicate cores in each experiment. 1119 
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 1121 

A 1122 

 1123 

B 1124 

Figure 6. Distribution of C uptake amongst taxonomic groups in A) algae addition experiments, and B) bicarbonate 1125 

addition experiments. 1126 
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 1128 

A 1129 

 1130 

B 1131 

Figure 7. Distribution of biologically processed C between processes for A) algae addition experiments, and B) 1132 

bicarbonate addition experiments. 1133 
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B 1139 

Figure 8. Total biological C processing during A) algae addition experiments, B) bicarbonate addition experiments. 1140 
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